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The purpose of this Atlas of Isothermal Transformation Diagrams is to 
make available, in convenient form, much of the information on trans- 
formation of austenite in a wide variety of steels that has been obtained 
during the last two decades at the Research Laboratory of the United 
States Steel Company, Kearny, N. J. The first edition, issued in 1943, 
was prompted by the growing realization on the part of producers, heat 
treaters, and users of steel that such information can be of great practical 
value. Continued requests for copies of the Atlas led to the preparation 
of a new edition, incorporating isothermal transformation diagrams and 
other data which have become available more recently. 

This, the second edition, presents a total of 89 diagrams, representing 
87 different steel compositions. Approximately half of these diagrams 
also appeared in the first edition, but have been revised slightly in line 
with more recent information. A number of the diagrams have been 
published elsewhere; others are presented here for the first time. 

In addition to data on transformation of austenite at constant tem- 
perature, information on martensite formation has been incorporated in 
the diagrams. Also, with each diagram is presented a chart representing 
hardenability as determined by the end-quench method. 

Many of the diagrams are for commonly used or “standard” steels. 
Others are included to show the effect of one or more elements on trans- 
formation behavior. In several of the diagrams, comparison is facilitated 
by the use of a subsidiary diagram representing the steel or condition 
with which comparison is made. The diagrams are arranged in the eleven 
sections listed in the Table of Contents, with an introductory statement 
at the beginning of each section. 





significance of the isothermal 


transformation diagram 


When steel in the austenitic state is held at any constant temperature 
lower than the minimum at which its austenite is stable, it will in time 
transform; the progress of the transformation can be observed by 
methods which have been described in published papers included in the 
selected bibliography appended to this introductory discussion. The 
course of isothermal transformation may be represented by plotting 
percentage of austenite transformed against corresponding elapsed time 
at constant temperature in the manner illustrated in the upper portion 
of Figure 1. 

For a given steel austenitized in a particular way, information given 
by a series of such curves, each determined at a different constant tem- 
perature, can be summarized in a single diagram, as illustrated in the 
lower portion of Figure 1. This type of diagram, which constitutes the 
so-called isothermal transformation diagram (I-T diagram, TTT dia- 
gram, or S-curve) of the steel, shows the time required for austenite to 
begin to transform, to proceed halfway, and to finish at any constant 
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FIG. 1. Diagram Showing How Measurements of Isothermal Transformation 
Are Summarized by the Isothermal Transformation Diagram. 





temperature in the range covered by the curves. Thus, the I-T diagram 
of a steel may be regarded as a kind of map which charts the transforma- 
tion of austenite as a function of temperature and time and permits 
approximation of how the steel will respond to any mode of cooling from 
the austenitic state. 


supplementary information 


In addition to such strictly isothermal data, the I-T diagrams in this 
Atlas contain supplementary information which must be determined 
independently. The temperature range of martensite formation is sum- 
marized on these I-T diagrams by arrows pointing to the temperature at 
which, on rapid cooling, austenite begins to transform to martensite 
(Ms), is half transformed (M50), and is 90% transformed (Mgo).* The 
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FIG, 2. Typical Example of Transformation of Austenite to Martensite. 


*These particular percentages of martensite have no special significance and are 
used merely to convey some idea of the progress of transformation of austenite 
to martensite as cooling continues below Ms. The temperature for 90% martensite, 
rather than that for some higher percentage, was chosen because measurement by 
the method used became increasingly less reliable with greater percentages of 
martensite, and because some of the steels may retain an appreciable percentage of 
austenite, the precise amount being dependent upon several complex factors. 





rather involved metallographic technique for measuring martensite for- 
mation is described in several publications. (18,74)* Figure 2 illustrates the 
nature of the observations and shows how the M,, Mso and Mgo tempera- 
tures are determined. 

Determination of the Ae; temperature also requires a separate set of 
measurements. In this case, specimens are held for a relatively long time 
at each of a series of temperatures in the vicinity of Ae; to establish 
phase equilibrium and are then quenched; their microstructure and hard- 
ness serve as the basis for locating Ae. 

Figure 3 is a typical I-T diagram on which this supplementary infor- 
mation is included; letters to indicate the phases observed in each field 
and the hardness of specimens just completely transformed at each of the 
constant temperature levels investigated have been added, making the 
diagram similar to those which appear later in this Atlas. Construction 
of a reasonably accurate diagram complete with its supplementary data 
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FIG. 3. Typical Isothermal Transformation Diagram Containing the Usual 
Supplementary Information. 


*Refers to numbered reference in the bibliography. 





usually requires the heat treatment and metallographic examination of 
more than a hundred individual small specimens. 


shape and position of curves of the I-T diagram 


The form of each of the curves constituting the I-T diagram and their 
position with respect to the time axis depend upon the composition and 
grain size of the austenite which is transforming. Certain alloying 
elements, or combinations of elements, change the form of the curve in 
a characteristic way; in effect, this permits classification of steels on the . 
basis of the type of curve. (12,62) For present purposes, it suffices to state 
that, with few exceptions, an increase in alloy content or in grain size of 
the austenite always retards isothermal transformation (moves the curve 
toward the right) at any temperature higher than about 900° F,—that 
is, above what has been called the “‘nose’’ or ‘“‘knee” of the beginning 
curve. This retardation is reflected in the greater hardenability of steel 
with higher alloy content or larger austenite grain size; indeed, it is 
generally recognized that response of a steel to any specified heat treat- 
ment which involves transformation of austenite is largely, if not en- 
tirely, determined by those factors which influence the time required for 
isothermal transformation, and hence, the shape and position of the 
curves which comprise the I-T diagram. 


transformation on continuous cooling 


While the I-T diagram shows the time-temperature relationship for 
austenite transformation as it occurs at constant temperature, most heat 
treatments involve transformation as it occurs on continuous cooling. 
The I-T diagram is useful in planning such heat treatments and in 
understanding why steel responds as it does to a particular heat treat- 
ment, but it cannot be used directly to predict accurately the course of 
transformation as it occurs during continuous cooling. It is possible, 
however, to derive from the I-T diagram another time-temperature- 
transformation diagram which, while not highly accurate, is of con- 
siderable aid in bridging the gap between isothermal and continuous 
cooling transformation. (27) This diagram will be referred to as the cooling 
transformation diagram (C-T diagram). It is necessary to derive only a 
few C-T diagrams in order to demonstrate their relationship to the I-T 
diagram; once the fundamental difference between the two types of 
transformation diagrams is recognized, it is possible to interpret more 
rationally any I-T diagram with respect to continuous cooling conditions. 
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C-T diagram for eutectoid carbon steel 


In Figure 4, a C-T diagram has been derived and superimposed on the 
I-T diagram of a eutectoid carbon steel, chosen for this purpose because 
of its relative simplicity. The cooling rates plotted are based upon meas- 
urement of temperature change at indicated locations in an end-quenched 
bar such as is commonly used in measuring hardenability. At the top of 
the chart, the measured hardness curve has been superimposed over a 
sketch of the end-quench bar. Four representative locations (A, B, C, D) 
along the bar have been related by means of each corresponding cooling 
curve to the I-T and C-T diagrams; austenite at a particular location 
transforms when its cooling curve passes through a shaded zone of the 
C-T-diagram. The type of microstructure resulting from transformation 
in each zone is given and the final microstructure on reaching room 
temperature is listed in the lower portion of the chart. This correlation 
shows the origin of microstructures in the end-quenched bar and the 
reason why hardness changes along the bar. Thus, at point A the hard- 
ness is high because the cooling rate at this point was fast enough to miss 
the pearlite zone of the C-T diagram and austenite transformed entirely 
to hard martensite. At point B, hardness is lower because the cooling 
curve for this point intersected the pearlite zone and austenite trans- 
formed in part to fine pearlite;* the remainder of the austenite trans- 
formed, during cooling through a much lower temperature range, to 
martensite. The cooling rate at point C and at point D is slow enough in 
relation to the C-T diagram to permit complete transformation in the 
pearlite zone; the structure at C and D is pearlite which is coarser and 
softer at D than at C. This correlation is not highly accurate for three 
principal reasons; (1) in the vicinity of the ‘“‘nose” of the I-T diagram, 
the beginning line is subject to experimental error because of the very 
short time periods involved; (2) recalescence occurs during transforma- 
tion so that the actual cooling, once transformation is well under way, 
departs from the cooling curve as drawn; and (3) derivation of the C-T 
diagram from the I-T diagram is only an approximation. Nevertheless, 
the chart does show, in principle at least, how the I-T diagram, through 
the medium of a C-T diagram derived from it, can be correlated with a 
typical heat treatment which involves austenite transformation as it 
occurs during continuous cooling. 

Consideration of the I-T diagram in relation to the location of lines of 
the C-T diagram of Figure 4 shows that the “‘nose” of the former has, in 
effect, been moved downward and toward the right by continuous cool- 
ing; thus, direct use of isothermal nose times for predicting hardenability 
leads to considerable error in the direction of a predicted hardenability 


*Some acicular aggregate (bainite) would also be present after cooling at a rate such 
as represented by curve B, but, for simplicity, this is not indicated on Figure 4. 
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lower than is actually obtained. In comparing hardenability of different 
compositions, the respective isothermal “‘nose’’ times are, however, a rea- 
sonably reliable indicator of the relative order of hardenability. In the 
plain carbon steel represented in Figure 4, bainite, which forms iso- 
thermally within the range 850°F to 400°F, is sheltered by an overhanging 
pearlite ‘‘nose”’ and bainite is not formed in any appreciable quantity on 
ordinary continuous cooling in this steel; that is, the rates of bainite 
formation are so slow relative to rates of pearlite formation that austenite 
cooled slowly enough to permit formation of bainite, has already com- 
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pletely transformed to pearlite before cooling down to bainite-forming 
temperatures. In analyzing I-T diagrams and C-T diagrams, it is im- 
portant to note that the former are usually interpreted by scanning from 
left to right along a temperature level, whereas the C-T diagram is 
interpreted by scanning downward from upper left to lower right along 
a cooling curve. 


C-T diagram for 4140 steel 


An analogous continuous cooling transformation diagram for a typical 
alloy steel, SAE-AISI 4140, has been derived from the I-T diagram and 
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FIG. 5. Correlation of Continuous Cooling and Isothermal Transformation 
Diagrams with End-Quench Hardenability Test Data for 4140 Steel. 














correlated with end-quench hardenability in Figure 5. In this alloy steel, 
unlike the plain carbon eutectoid steel previously considered, the pearlite 
zone lies relatively far to the right and does not “‘shelter’”’ the bainite 
region; consequently, the ferrite-carbide aggregate structure in the end- 
quenched bar is bainite, rather than pearlite. Since 4140 is hypoeutectoid 
in composition,.a proeutectoid ferrite field appears both on the I-T 
diagram and on the C-T diagram. The interpretation of Figure 5 is 
similar to that of the previously discussed eutectoid carbon steel diagram; 
again, several representative locations along the end-quenched bar are 
related to a hardness curve and to the C-T diagram by means of the cool- 
ing curve at each location. Considered together, Figures 4 and 5 demon- 
strate the difference in transformation on continuous cooling of two 
steels having different types of I-T diagrams. 

Derivation of a continuous cooling transformation diagram is a rather 
tedious task, and, for many purposes, not essential provided the funda- 
mental relationship of the C-T diagram to the corresponding I-T diagram 
is understood. Thus, the fields of the C-T diagram are displaced down- 
ward and to the right with respect to analogous fields of the I-T diagram; 
an overhanging ‘“‘nose’”’ on the I-T diagram may, by permitting complete 
transformation in the ‘‘nose”’ region, preclude transformation to acicular 
microstructures formed on continuous cooling to lower temperatures. In 
steels in which a considerable proportion of proeutectoid ferrite is formed, 
continuously cooled austenite may, on reaching intermediate and low 
temperatures, become enriched in carbon to such an extent that the 
bainite zone and martensite zone are appreciably lowered in temperature 
as compared to these zones on the I-T diagram. A precise derivation of a 
C-T diagram, even if feasible, would rarely be warranted since a par- 
ticular I-T diagram exactly represents but one sample; samples from 
other heats, or even from other locations in the same heat, are likely to 
have slightly different I-T diagrams. When used with discrimination and 
with its limitations in mind, the I-T diagram is useful in interpreting and 
correlating observed transformation phenomena on a rational basis, even 
though austenite transforms during continuous cooling rather than at a 
constant temperature. The following specific examples of ways in which 
an I-T diagram may be useful in planning and understanding the funda- 
mentals of practical heat treating operations are illustrated with a series 
of semi-schematic charts in which arbitrary cooling curves are shown in 
conjunction with a typical I-T diagram. 


application of I-T diagram to heat treatment 


Quenching and Tempering: 


The most common method of hardening steel by heat treatment con- 
sists of heating to a temperature at which the steel becomes austenitic 
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and then cooling fast enough, usually by quenching into a liquid such as 
water or oil, to avoid any transformation of the austenite until it reaches 
the relatively low-temperature range within which it transforms to the 
hard, martensitic microstructure. The minimum rate of cooling necessary 
is related to the location, with respect to the time scale, of the ‘‘nose” of 
the I-T diagram. In Figure 6, illustrating a quench and temper type of 
heat treatment, the cooling curves as drawn lie to the left of the “‘nose”’ 
and thus indicate full hardening on quenching. One of the curves repre- 
sents cooling at the surface of a quenched piece of steel whereas the other 
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FIG, 6, Schematic Chart Illustrating Relationship of Quench and Temper 
Type of Hardening Treatment to a Typical I-T Diagram. 





curve represents cooling at the center of the same piece; locations 
between surface and center would, of course, cool at intermediate rates. 
In Figure 6, austenite transforms entirely to martensite, as indicated by 
cross-hatching on the cooling curves, as the steel cools through the 
temperature range of martensite formation. A tempering cycle, such as 
usually follows the quenching operation, is illustrated schematically 
merely to complete the picture; the I-T diagram has no bearing on the 
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tempering operation unless, as sometimes happens, the austenite-to- 
martensite transformation is incomplete. In this case, retained austenite 
usually transforms during tempering to the transformation product in- 
dicated by the I-T diagram. 


Martempering: 
Application of the I-T diagram to martempering is illustrated in 


Figure 7. In this heat treating process, the steel is quenched into a bath 
at a temperature in the vicinity of M, and held in the bath until the 
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FIG. 7. Schematic Chart Illustrating Relationship of Martempering to a 
Typical I-T Diagram. 


center of the piece reaches bath temperature, after which it is removed 
and allowed to cool in air. Again, if complete hardening is to occur, 
austenite must cool with sufficient rapidity to avoid transformation at 
the “‘nose” of the I-T diagram. Since it shows the M, temperature, the 
I-T diagram is useful in selecting the optimum bath temperature for 
martempering and in estimating how long the steel may be held in the 
bath without forming bainite. 
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FIG. 8. Schematic Chart Illustrating Relationship of Austempering to a 
Typical I-T Diagram. 


Austempering: 


Austempering is a hardening process based upon isothermal trans- 
formation of austenite to bainite; hence the I-T diagram, or at least its 
lower portion, is not only useful but almost indispensable. In an ideal 
austempering treatment, austenite is transformed isothermally, or nearly 
so, and, as illustrated in Figure 8, the I-T diagram shows the time 
required for austenite to transform and hence the duration of the aus- 
tempering treatment. The I-T diagram is also useful in planning austem- 
pering treatments because it shows the temperature range within which 
bainite forms and the hardness of bainite as a function of temperature. 


Other Applications to Hardening: 


Special hardening treatments or minor variations of regular hardening 
practice may be based upon the specific pattern of austenite transforma- 
tion for a particular steel. Thus, in high-carbon steel there is opportunity. 
for variation in the hardening cycle, for when austenite has cooled below 
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FIG. 9, Schematic Chart Illustrating Relationship of Conventional Anneal- 
ing Cycle to a Typical I-T Diagram. 


the “‘nose” of the I-T diagram it will inevitably transform to martensite, 
or at least to moderately hard bainite. Steels containing certain alloying 
elements, or combination of alloying elements, may have an I-T diagram 
of such nature that unique hardening treatments are feasible; in such 
diagrams, there may be a lower as well as an upper “nose” separated by 
a region of very slow transformation. 


application to annealing or softening 


The aim of the heat treatment in the foregoing examples has been to 
harden steel, but it may be equally important to know how to avoid 
hardening. In this case, the curve of the I-T diagram representing com- 
pletion of transformation is the significant one. For instance, in conven- 
tional annealing in which steel initially in the austenitic state is slowly 
and continuously cooled, as shown in Figure 9, the I-T diagram in conjunc- 
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tion with the cooling curve indicates the approximate temperature range 
in which transformation occurs and when slow cooling may be safely 
discontinued. It is also possible to estimate in advance a cooling rate that 
will allow austenite to transform completely in a temperature range 
sufficiently high to develop the desired soft microstructure without 
unnecessary expenditure of time. 


Isothermal Annealing: 


In many alloy steels, there is a pronounced minimum in the ending 
line of the I-T diagram at a relatively high temperature. Assuming, as is 
often the case, that the transformation product at this temperature is 
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satisfactory, advantage may be taken of the time-temperature coor- 
dinates of this minimum to design a short annealing cycle. As shown in 
Figure 10, this is accomplished by cooling the steel initially in the 
austenitic state as rapidly as convenient to the temperature of the mini- 
mum in the ending line and then holding it approximately at this tem- 
perature for the time required to transform austenite completely. Sub- 
sequently, the steel may be cooled in any convenient manner. 


Summary: 


Examples of typical hardening and annealing treatments have been 
presented in order to demonstrate the application of the I-T diagram to 
these well-known heat treating operations. Perhaps the greatest useful- 
ness of the I-T diagram resides in the assurance it offers that new and 
improved modifications in well-established heat treating cycles may be 
intelligently planned and successfully carried out after austenite trans- 
formation behavior has been “‘mapped.”’ In recent years several basically 
new types of heat treatment have been based upon I-T diagrams. 
Austempering and isothermal annealing, for example, are in this cate- 
gory. Countless modifications in heat treating cycles are continually 
being made by individuals; whether such modifications are based directly 
upon it or developed empirically, the I-T diagram is a valuable guide to 
improved heat treating techniques. 


microstructure 


In practically all steels hardenable by heat treatment, the character of 
the ferrite-carbide aggregate is determined primarily by the temperature 
at which it formed; there is the same general sequence of microstructures, 
ranging in appearance from coarse lamellar at the higher temperature to 
fine acicular at the lower levels. Regardless of differences in composition, 
familiarity with this sequence in only a few steels makes it possible, merely 
by examining the I-T diagram for any steel, to make a reasonably good 
prediction as to its microstructure at each temperature level. One I-T 
diagram, representing eutectoid carbon steel, is shown on page 4 in this 
Atlas with photomicrographs to illustrate the sequence of microstructure. 
Characteristic differences in microstructure exist between steels of 
markedly different composition, but these differences are more readily 
taken into account when the I-T diagram is available for comparison 
with those of more familiar steels. Thus, the presence of proeutectoid 
ferrite in the microstructure is indicated by an “‘A+F’”’ field on the I-T 
diagram; for a particular austenite grain size, the relative amount of 
proeutectoid ferrite is roughly proportional to the temperature difference 
between Ae; and Aeg. The character of the ferrite-carbide aggregate is 
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primarily determined by transformation temperature so that the differ- 
ence in its appearance among different steel compositions is usually less 
than that which results from a difference in transformation temperature 
of little more than 100° F. In general, acicular aggregates, usually classi- 
fied as bainite, form from the vicinity of the “nose’’ temperature (the 
lower ‘“‘nose”’ if there happen to be two) down to M,. Microstructures 
formed in many alloy steels, particularly those containing strong carbide- 
forming elements such as chromium, molybdenum and vanadium, are 
somewhat different from those in plain carbon steel; yet the same general 
trend is common to all, with modifications indicated by the I-T diagram. 
It is generally true that two different steels with similar I-T diagrams will 
also have similar microstructure at corresponding temperature levels, 
and hence quite similar mechanical properties when heat treated alike. 
When it is necessary to discontinue a particular composition that has 
long been successfully used, it is a sound rule to select a substitute which 
has an I-T diagram as nearly as possible like that of the old one; if this 
can be done, very little modification of heat-treating practice will be 
required when the new composition is substituted for the old. 

In heat-treating operations involving continuous cooling from the 
austenitic condition, transformation occurs over a range of temperature 
rather than at a single constant temperature, and therefore the final 
structure may be regarded as comprising a sequence of isothermal trans- 
formation products. The I-T diagram, particularly the examination of 
isothermal microstructures incidental to its construction, aids greatly in 
classifying the microstructure of steel transformed during continuous 
cooling. As previously described, if the I-T diagram is at hand, it is 
possible to visualize at what stage of the cooling cycle different-structures 
formed; this facilitates changes in heat treatment necessary to obtain 
more of the desirable and less of the undesirable structures. 


explanation of a typical page in the atlas 


Each page in the Atlas contains sufficient information to identify the 
steel to which it pertains with respect to principal elements of its com- 
position, austenitizing temperature employed, and austenite grain size 
established at that temperature. A Table, pages 142 and 143, lists all of 
the steels in numerical order as they appear in the Atlas and gives their 
chemical composition, complete as far as determined. With only the few 
exceptions noted in the Table, the steels were made commercially in an 
electric or open-hearth furnace, cast in large ingots, and then reduced to 
relatively small cross-section, such as bars 14 to 11% inches in diameter. 
Specimens were prepared in such a way that a representative area of the 
entire cross-section was examined, no effort having been made to minimize 
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possible segregation by discarding certain portions in the cross section; 
consequently, the I-T diagrams are believed to be reasonably representa- 
tive of austenite transformation as it occurs in commercial grades of steel. 

In constructing the I-T diagrams and E-Q* hardenability charts cer- 
tain conventions have been followed; these are discussed below. 


isothermal transformation diagrams 


The isothermal transformation diagram occupies the upper two thirds 
of each page and is drawn upon a uniform-size chart having a linear scale 
of temperature drawn vertically and a logarithmic scale of time drawn 
horizontally. The logarithmic time scale is used, in conformance with 
well-established practice, in order to encompass both the very short and 
extremely long time intervals encountered. Time intervals of 1 minute, 
1 hour, 1 day, and 1 week are shown for convenience in locating famil- 
iar reference points on the basic logarithmic scale of time in seconds. 
The basic temperature scale is in degrees Fahrenheit but a reference 
Centigrade scale is also shown to the left. The significance of the various 
lines, numbers, and symbols comprising the diagram proper is discussed 
below under each appropriate sub-heading. 


Ae,;—Aeg Temperatures: ; 

The Ae, temperature and, for hypoeutectoid compositions, the Aes 
temperature, are each represented by a correspondingly labelled hori- 
zontal line near the top of the diagram. These Ae; and Ae; lines represent 
equilibrium transformation temperatures and, consequently, are not 
identical to Ac and Ar temperatures frequently given in handbooks, al- 
though they serve much the same purpose. Above Aes, austenite is 
completely stable and capable of existing indefinitely; thus, the curves 
of the I-T diagram never enter the region above Ae;. In a hypoeutectoid 
steel, Ae; constitutes the upper limit of the curve representing the be- 
ginning of transformation; Acm is the analogous temperature in a hyper- 
eutectoid steel} and, in a plain carbon eutectoid composition having 
neither an Ae; nor an Acm, Ae; is the upper limit of the beginning curve. 
Between Ae; and Ae, austenite is unstable with respect to proeutectoid 
ferrite, and part of the austenite will, in time, transform; in alloy steels, 
a limited region may exist above Ae; in which austenite transforms in 
part both to ferrite and to carbide. The important point to understand 


*Abbreviation for end-quench. 


{Diagrams for hypereutectoid compositions in this Atlas do not contain an Acm line 
because, due to the extremely slow attainment of equilibrium conditions in the 
vicinity of Acm, its importance in heat treating was deemed insufficient to justify 
the tedious technique necessary to measure accurately the Acm temperature. 
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is that between Aeg and Ae; some austenite will always be present, and 
hence a line representing the completion of transformation of all the 
austenite can never enter this region. Austenite below Ae, is completely 
unstable and, in time, will transform entirely to ferrite and carbide. 
Thus, austenite is: (1) completely stable above Aeg (or Acm), (2) par- 
tially unstable between Aeg (or Acm) and Aey, or (3) completely 
unstable below Aej. 


Curves of the I-T Diagram: 


Starting at the left of the diagram, the first curve encountered extends 
from near the Ae3, Acm, or Ae; temperature down to the line labelled 
M,. This so-called beginning line is drawn through points representing, 
at each temperature level investigated, the time required for a measur- 
able amount of austenite to transform{. In its simplest form, the be- 
ginning line has a “‘C”’ shape with a minimum time value at a tempera- 
ture usually in the vicinity of 1000° F; alloying elements, especially those 
of the carbide-forming type, such as chromium and molybdenum, cause 
the beginning curve to assume a more complex shape. 

In all but the few diagrams that represent eutectoid steels, the second 
curve from the left, which starts in the vicinity of Ae; and extends down 
to about 900° F where it merges with the beginning line*, represents the 
beginning of transformation to ferrite-carbide aggregate (pearlite in its 
broadest sense) in the range of temperature where the first product of 
austenite transformation is either proeutectoid ferrite or proeutectoid 
carbide. 

The broad curve farthest toward the right represents the time required 
at each temperature for the last trace of austenite to transform. This 
curve approaches but can never cross Ae; it extends from near Ae, 
down to below M,. In some of the higher alloy steels a portion of the 
curve lies beyond the range of the chart, but it may be logically assumed 
that the ending line is continuous, since austenite is unstable at all tem- 
peratures below Ae, and, in time, will presumably transform. { 

The line labelled “50%” and located between the beginning and ending 
lines represents the time required at each temperature for transformation 


{The percentage of austenite transformation necessary for a measurable beginning 
depends upon the sensitivity of the technique used in following the progress of 
transformation; in most of the curves in this Atlas, about 0.1% transformation 
served as the basis for locating the beginning line. 


*An exception to this statement occurs in the 9260, 9261 and 9262 diagrams in which 
the appearance of the microstructure in the range 1000-900° F prevented reliable 
location of the lower portion of this line; in these three diagrams, a cross-hatched 
zone has been drawn to indicate uncertainty of the point at which it merges with 
the beginning line. 

{In certain steels, the time required for austenite to transform completely below 


Ms and at temperatures in the vicinity of 900° F is far beyond duration of ordinary 
measurement. 


22 





of half of the total austenite. It is included to give some idea as to the 
progress of transformation and is especially useful in regions of a diagram 
in which the beginning and ending lines are not parallel. 

The principal curves of the I-T diagram have been drawn as broad 
lines, not only so that they will stand out among fainter coordinate lines, 
but also to emphasize that their exact location on the time scale is not 
highly precise, even for the particular steel sample they represent. Por- 
tions of these lines are often shown as dashed lines to indicate a much 
higher degree of uncertainty. Thus, all portions of lines extending to the 
left of the 2-second coordinate are dash-lines because, for times less than 
2 seconds, reliable and accurate measurements were not possible by 
the methods used. 

In this connection, it should be recognized that the I-T diagram is 
designed to represent the overall pattern of transformation in a particular 
composition and, particularly in regions in which transformation occurs 
rapidly, should not be regarded as being always a summary of a com- 
plete set of highly precise quantitative measurements. The principal 
fundamental difficulty, of course, is that even a very small piece of steel 
requires some appreciable time interval to cool throughout to the tem- 
perature of the isothermal bath. The order of magnitude of this time 
interval is influenced by many factors including: (1) the cross-section of 
the specimen, (2) the agitation it receives when immersed in the iso- 
thermal bath*, and (3) the composition, volume, and temperature of 
the isothermal bath; consequently, an accurate evaluation of the time 
to reach bath temperature after immersion is rarely feasible, as is indi- 
cated by the discrepancy in published data (1, 11, 21, 34, 42, 47, 100, 115, 
116), When transformation begins within a few seconds and thereafter 
proceeds rapidly as, for example, in the “nose” region of a plain carbon 
steel, the time required for the specimen to reach the temperature of the 
bath is a considerable portion of the total time required for transforma- 
tion. An additional difficulty arises from the circumstance that heat 
generated by transformation (recalescence) may prevent a specimen from 
ever quite reaching bath temperature until after transformation is com- 
pleted. Despite these limitations, a beginning line, even in the “nose” 
region of a rapidly transforming steel, can be located with sufficient 
accuracy for many practical purposes. This is possible because accumu- 
lated knowledge of the kinetics of isothermal transformation makes it 
possible to rationalize the entire reaction from a limited number of 
measurements. The method of plotting isothermal data first proposed 
by Austin and Rickett (14) is especially useful in estimating a beginning 
time from measured data for longer times. It is also true that the be- 
ginning curve has a characteristic ‘“‘C” shape which is modified in a 
*When quenching in a lead-alloy bath, such as is commonly used in determining an 


I-T diagram, rapid movement of the specimen through the bath is especially desirable, 
since mechanical stirrers are relatively ineffective in agitating such a heavy liquid. 
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predictable way by certain alloying elements; since a large number of 
I-T diagrams, including many for steels which transform slowly enough 
to permit accurate direct measurement at all temperature levels, are 
now available, difficulty in obtaining accurate direct measurements 
within a limited temperature range need not prevent construction of a 
reasonably reliable “nose” region for the I-T diagram of a rapidly 
transforming steel. 

A given I-T diagram, even if constructed from a complete set of highly 
precise measurements, is truly accurate only with respect to transforma- 
tion of the particular sample of steel used in its determination; other 
samples of the same grade of steel may vary appreciably in the exact 
time required for transformation to begin and to end at each temperature. 
In practice, isothermal data are usually used in connection with the 
heat treatment of pieces of steel very much larger than the small speci- 
mens used in developing an I-T diagram. Although in our experience, 
the mass of the sample does not, per se, appreciably influence trans- 
formation rates provided the difference in cooling time (from immersion 
to attainment of thermal equilibrium with the isothermal bath) at the 
center of a large, as compared to a small, piece of steel is taken into 
account, it frequently happens that the large piece encompasses a greater 
range in composition, due to segregation; hence portions of the large 
piece may begin to transform somewhat sooner and finish transformation 
somewhat later than is indicated by the I-T diagram. 

Thus, the usefulness of an I-T diagram is not seriously impaired by 
failure to obtain, at all temperature levels, a highly precise measurement 
of the beginning time. Considerable judgment is often required in con- 
structing an I-T diagram from experimental data, and equal judgment 
is required in its interpretation with respect to conditions different from 
those under which it was determined; the intelligent user will not read 
into an I-T diagram an unduly high degree of accuracy nor condemn it 
because it is not always based upon a complete set of highly precise 
measurements. 

The use of a dash-line to the left of the 2-second coordinate has been 
explained as representing a relatively high degree of uncertainty as to 
the exact location of the line in this region. In some instances, other 
portions of a beginning or an ending line may appear as a dash-line 
because the number or kind of measurements did not serve to locate the 
dashed portion with quite the same certainty realized elsewhere. 


Fields of the I-T Diagram: 


Each field on the diagram above M,g is labelled to indicate the phases 
observed in specimens austenitized and then quenched and held iso- 
thermally within the time-temperature limits of each field. The region 
above the equilibrium transformation temperature (Aeg in hypoeutectoid 
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compositions) and to the left of the beginning line is labelled A for 
austenite which was presumed to have existed in this region because 
specimens treated within the time-temperature limits of this field were 
entirely martensitic when quenched to room temperature. In a few of the 
diagrams, the austenitizing treatment did not dissolve all carbides in 
austenite and this is indicated on each of such diagrams. 

The region, labelled A+F or A+C, which lies between the beginning 
line and the intermediate broad line represents the time-temperature 
region in which austenite and a proeutectoid phase were observed; the 
latter is ferrite (F) in a hypoeutectoid steel and carbide (C) in a hyper- 
eutectoid steel. This field is, of course, missing in a eutectoid composi- 
tion. The A+F (or A+C) field extends from near Aeg3 (or Acm) usually 
down to about 900° F where the field is pinched-out due to the merging 
of its two boundary lines. 

The field, labelled A+F+C, which is bounded at the right by the 
ending line, at the left by the right-hand boundary of the A+F (or 
A-+C) field at higher temperatures, and by the beginning line at lower 
temperatures, extends from Ae, or somewhat above, down to Ms. Samples 
held at any constant temperature for a time period within the limits 
of the A+F-+C field were observed to contain the three phases, (1) 
austenite (observed at room temperature as martensite), (2) ferrite, and 
(3) carbide. Either ferrite or carbide may exist separately as a proeu- 
tectoid constituent and, in addition, the two are usually intimately 
associated with each other in the form of an aggregate constituent. The 
latter is classified as pearlite at higher temperatures and bainite at lower 
temperatures; at intermediate temperatures both pearlite and bainite 
may form. The labelling of fields on the basis of phases formed avoids the 
necessity of classification of all micro-constituents resulting from austen- 
ite transformation at constant temperature and thussimplifies the diagram. 

The field to the right of the ending line is labelled F+C to indicate 
that only ferrite and carbide are present, all austenite having been con- 
verted by the transformation process to these phases. 


Hardness After Transformation: 


At the right-hand edge of the diagram a series of Rc numbers indicates 
the hardness, measured at room temperature, of a specimen held only 
long enough at each temperature to transform all of the austenite. These 
numbers, by their position with respect to the temperature scale, indicate 
the isothermal transformation level to which they apply. In a few dia- 
grams, at levels where the hardness is less than 10 Rc, hardness was 
measured on the Rockwell ‘‘B” scale and the resulting Rb number is 
given instead of the usual Rc number. The hardness value located at 
70° F is the hardness of a small specimen austenitized and then quenched 
in brine at room temperature. 
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has been measured and is available for comparison with the hardenability 
of the sample used in determining the I-T diagram. 


Hardness and Percent Martensite Curves: 


The two curves drawn on most of the E-Q hardenability charts are 
based upon measurement of hardness and percentage of martensite at 
measured distances along the end-quenched bar. In a few charts, the 
martensite curve is missing; when this is the case, the bar contained 
throughout its entire length essentially no transformation products 
except martensite. The martensite curve always begins at the location 
on the bar where the observed microstructure was 99.9% martensite* 
and 0.1% other austenite transformation products; it ends at the loca- 
tion where martensite was no longer observed. Occasionally, the right- 
hand portion of the martensite curve is drawn almost horizontally very 
near the 0% martensite coordinate; this indicates that traces of martens- 
ite were observed out to the air-cooled end of the bar. 

The two curves correlate with each other, as would be expected, but 
since hardness is influenced by the character of the microstructure as 
well as by the proportion of hard martensite it contains, it is not always 
possible to estimate reliably the amount of martensite present from the 
hardness curve. 

In several low-carbon, alloy steels, the percentage of martensite has 
its minimum value at an intermediate location along the end-quenched 
bar and then increases somewhat as the air-cooled end is approached. 
This is due to the formation of an ever-increasing percentage of pro- 
eutectoid ferrite, which contains very little carbon and leaves the 
remaining austenite richer in carbon, and hence more sluggish with 
respect to subsequent transformation to bainite on cooling. As a rule in 
such steels, over-all hardness decreases continuously, despite the presence 
of somewhat more martensite near the air-cooled end than at an inter- 
mediate location, because the matrix is an aggregate whose hardness 
decreases sufficiently as the air-cooled end is approached to more than 
offset the effect of the larger percentage of martensite. 


Microstructure of the End-Quenched Hardenability Specimen: 


The third significant set of observations that may be made for end- 
quenched specimens is the character of the microstructure at various 
locations along the bar. The microstructure changes continuously along 
the bar from quenched to air-cooled end, and accurate quantitative 
evaluation of the microstructure at all locations is difficult in many of 
the steels. Consequently, the E-Q hardenability charts merely show, 


*In constructing this curve, retained austenite, if any was observed, is included 
in the martensite percentage. 


27 








near the bottom, a classification, according to an observer’s judgment, 
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is meant. Symbol A is used to designate austenite when retained at 
room temperature in sufficient amount to be recognized clearly under the 
microscope in the untempered bar; this will usually involve more than 
10% of retained austenite. Martensite is represented by the symbol M 
and, as used, may include not only martensite but sometimes appreciable 
percentages (up to about 10%) of retained austenite. The microstructure Distance on Standard 
near the quenched end is always martensite, although in a few diagrams 1-inch Diameter Specimen 

the observed martensitic zone may have been too narrow to permit the 1/16-inch units bac ah orci tesa 
usual designation on the E-Q chart. At the distance from the quenched 1/16-inch units 

end where 0.1% of another constituent, P, B, F, or C, or combination 
of these was observed, a shaded zone is shown; usually some uncertainty 
existed as to the exact distance at which this change occurred and hence 
the shaded zone has an arbitrary width corresponding to 1/16 inch on 
the end-quenched bar. Thereafter, aS one proceeds toward the air- 
cooled end, a new zone is shown whenever a new microconstituent was 
observed or an old one disappeared. This qualitative representation of 
microstructure, although subject to errors of judgment on the part of 
the observer, is particularly helpful since it demonstrates how the shape 
of each I-T diagram correlates with microstructures formed on con- 
tinuous cooling, and shows the relationship between hardness and type 
of microstructure in the end-quenched bar. Moreover, each kind or 
combination of microconstituents influences the properties, although at 
present the precise relationship may not be well understood. 


Equivalent Distance on 


E-Q Hardenability Tests of Specimens Smaller than Standard Size: 


On all pages in which the chart is entitled ““E-Q Hardenability” 
without an underlying qualifying phrase in parenthesis, the standard 
1-inch diameter test specimen was used.* However, the original stock of 
several steels was too small in cross-section to permit preparation of 
standard-size specimens. In most such instances, a half-inch bar was 
used, the testing technique corresponding to that specified* for half-inch 
bars; this is indicated by the parenthetical phrase “0.5 Inch Diam. Bar” 
beneath the title of the E-Q hardenability chart. Data based on half-inch 
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based upon measurements at the depth corresponding to each specified 
carbon content in the carburized case of 0.5-inch diameter bars. For the 
E-Q hardenability test, flats were successively ground to depths corre- 
sponding to each designated carbon content; to minimize penetration of 
the indenter into underlying lower-carbon metal, hardness was measured 
with the Vickers hardness tester (10 kg load) and the resulting diamond 
pyramid hardness numbers converted to the more familiar Re scale. 

For two of the steels in this Atlas (see page 70), it was necessary 
to measure hardenability by the “insert”? method*, and the chart is 
labelled accordingly. Since the small-diameter specimens are inserted 
lengthwise in a 1-inch diameter bar before quenching, the ‘“nsert”’ 
method presumably yields results comparable to those obtained with 
a standard specimen. 

For several steel compositions in the Atlas, the I-T diagram had been 
determined many years ago and no material was available for the harden- 
ability test. For these grades, new samples of similar composition were 
obtained for this test; the E-Q hardenability chart in such cases gives 
the composition, austenitizing temperature, and austenite grain size 
of the substitute heat, and thus the analogous information listed, as 
usual, in a lower corner of the page pertains only to the I-T diagram. 


comparison diagram 


As a convenient means of comparing two diagrams to show, in certain 
cases, the effect of addition of some particular element, of difference in 
austenite grain size, or of undissolved carbides (austenitizing tempera- 
ture), the curves of a subsidiary I-T diagram and E-Q hardenability 
chart appear as a sort of “phantom” comprised of blue lines, with the 
principal chart shown in the usual black lines. This scheme detracts in 
no way from the principal object, which is to present the data for a 
particular steel in black, and yet affords convenient comparison of it 
with its superimposed subsidiary diagram in blue. The latter is identified 
with respect to composition, austenitizing temperature and austenite 
grain size in blue lettering underneath each corresponding identification 
of the principal diagram. If the subsidiary diagram appears elsewhere 
in the Atlas as a separate and complete chart, it is so stated. 


*For details of the insert method see ASTM or SAE specifications for the end-quench 


hardenability test. 
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carbon steels 


%C %Mn A.L.S.1. No. S.A.E. No. Page No 
0.06 0.43 C 1008 1008 33 
0.35 0.37 C 1034 Modified Mn(1) 1034 Modified Mn(1) 34 
0.54 0.46 C 1054 Modified Mn (1) 35 
0.89 0.29 C 1095 (2) 1095 (2) 36 
1.13 0.30 Cc 1095 Modified C (3) 1095 Modified C (3) 37 
0.17 0.92 C 1019 1019 38 
0.50 0.91 C 1050 (4) 1050 (4) 39 

0.63 0.87 C 1060 1060 40 
0.64 1.13 C 1062 1062 41 
0.79 | 0.76 C 1080 1080 42 
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Isothermal transformation of austenite in a group of steels containing 
nominally 1.5 to 2 percent manganese and varying carbon content is 
illustrated in this section. The first three steels in the group are standard 
A.1.S.I.-S.A.E. compositions; the last three represent the carburized case 
of the 1321 steel at a location corresponding to 0.4, 0.6 or 1.0 percent 
carbon. The influence of manganese on the low side of the specification 
range as compared to manganese on the high side is shown by the two 
steels containing nominally 0.4 percent carbon. 
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chromium steels 


%Ccr ZC % Mn A.1S.1. No. S.A.E. No. Page No. 
0.57 0.38 0.37 62 
0.93 0.42 0.68 5140 5140 63 
1.97 0.33 0.45 | 64 
1.41 1.02 0.36 E52100 52100 65 
5.46 0.11 0.38 66 
(+ 0.42 Mo) 
12.18 0.11 0.44 410 51410 67 


The effect of chromium in retarding transformation, especially trans- 
formation of austenite to pearlite, and in altering the shape of the curves 
of the I-T diagram is well illustrated by the first three steels, containing 
nominally 0.4 percent carbon and 0.57, 0.93 and 1.97 percent chromium. 
A subsidiary curve for a plain carbon steel of similar carbon and manga- 
nese content shown on page 62 serves as the base composition for this 
chromium series. 

Three of the steels listed are standard A.I.S.I.-S.A.E. types, one of 
these (52100) being a high-carbon grade often used for bearings. The 
other (Type 410) is a stainless steel of the martensitic type. 

The low-carbon steel containing nominally 5.5 percent chromium and 
0.5 percent molybdenum is included in this section because chromium 
is the principal alloying element. This grade is often used for tubing sub- 
jected to moderately elevated temperatures, such as in petroleum refin- 
ing equipment. 
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molybdenum steels 


%Mo %C % Mn A.L.S.I. No. S.A.E. No. Page No. 
0.10 0.65 0.68 ‘ 70 
0.26 0.26 0.87 4027 4027 71 
0.25 0.35 0.80 4037 4037 72 
0.25 0.48 0.94 4047 4047 73 
0.24 0.68 0.87 4068 4068 . 74 
0.21 0.42 0.20 75 
0.53 0.40 0.42 76 
0.82 0.36 0.17 77 
1.96 0.33 0.41 — 78 
0.50 0.22 0.79 79 


0.32 0.97 1.04 80 


The first diagram in this section (page 70), when compared with its 
superimposed subsidiary diagram, illustrates the considerable retarding 
effect of only 0.1 percent molybdenum. ; 

The second group of four steels (pages 71-74) are all standard S.A.E.- 
A.1.S.I. types and illustrate the effect of varying carbon content in 
steel containing 0.25 percent molybdenum. 

The effect of increasing molybdenum in medium carbon steels is shown 
by comparison of pages 75-78. 

The last two diagrams in this section represent a 0.5 percent molybde- 
num—0.22 percent carbon grade, which is weldable and used principally 
for high-pressure tubing, and a high-carbon, molybdenum steel of a 
tool steel type. 
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The first chart in this section contains a subsidiary diagram for a plain 
carbon steel of similar carbon and manganese content and, when com- 
pared with the 0.46 percent copper steel, illustrates the effect of nomi- 
nally 0.5 percent copper. Even with as much as 1.49 percent copper, it is 
apparent that the I-T diagram is not appreciably changed in shape, and 
is only moved slightly toward the right on the time axis; thus, copper has 
a comparatively mild effect upon the rate of austenite transformation 
and is of little value for increasing hardenability. 
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Vanadium steels are represented by a single composition of the tool steel 
type containing 0.27 percent vanadium. A subsidiary diagram for a 
similar composition without vanadium illustrates the considerable effect 
of nominally 14 percent vanadium. 
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cent chromium are represented in a later section (pages 111 and 112). 
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C-0.17  Mn-0.57 
Ni-1.87 Cr- 0.45 
Mo-0.24 


Austenitized at 1700°F 
Grain Size: 7 


LEGEND 
A=Austenite M=Martensite 
F=Ferrite B=Bainite 


C=Carbide P=Pearlite 
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C-0.42 Mn-0.78 
Ni-1.79 Cr -0.80 
Mo-0.33 


Austenitized at 1550°F 
Grain Size: 7-8 


LEGEND 
A=Austenite M=Martensite 
F=Ferrite B=Bainite 
C=Carbide P = Pearlite 
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C-0.62 Mn-0.64 
Si-0.67  Ni-1.79 
Cr -0.60 Mo-0.32 


Austenitized at 1800°F 


Grain Size: 7-8 
(Occasional 4) 
LEGEND 
A=Austenite 


F=Ferrite 
C=Carbide 


M=Martensite 
B =Bainite 
P =Pearlite 
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4615 


C-0.15 Mn-0.63 
Ni-1.90 Mo-0.24 


Austenitized at 1700°F 


Grain Size: 8 


MARTENSITE -— % 


LEGEND 
A=Austenite M= Martensite 
F=Ferrite B=Bainite 
C=Carbide P=Pearlite 
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C-0.36 Mn-0.63 
Ni-1.84 Mo-0.23 


Austenitized at 1550°F 


Grain Size: 7-8 


LEGEND 
A=Austenite M=Martensite 
F=Ferrite B=Bainite 
C=Carbide P=Pearlite 
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CARBURIZED 4815 (1.0 C) 
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C-0.43 Mn-0.74 
Cr-0.92 V -0.16 
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E-Q HARDENABILITY 
0.53%6  0.81%Mn 
0.92% Cr O0.16%V 










C-0.53  Mn-0.67 C-0.18 Mn-0.79 
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TIME - SECONDS 
8630 


C-0.30 Mn-0.80 
Ni-0.54 Cr -0.55 
Mo-0.21 


Austenitized at 1600°F 
Grain Size: 9 


LEGEND 
A=Austenite M=Martensite 
F=Ferrite B=Bainite 
C=Carbide P=Pearlite 
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C-0.59 Mn-0.89 
Ni-0.53 Cr -0.64 
Mo-0.22 


Austenitized at 1550°F 
Grain Size: 8 





LEGEND 
A=Austenite M=Martensite 
F=Ferrite B=Bainite 
C=Carbide P=Pearlite 


DISTANCE FROM QUENCHED END -lig INCH UNITS 


115 


TEMPERATURE 












800 
1400 
700 
1200 
600 
1000 
500 
800 
400 
3001. 60° 
1 —_|Ma0 
200} 400 
100 200 saeco 
° 
05:12). 8° 0 
8745 
60) 100 Riemer 
Ny E-Q HARDENABILITY C-0.44 Mn-0.90 
i : i; 
pS Ni-0.45 Cr -0.54 
© 40 HARDNESS 60 xe Mo-0.22 
e ee ye 
3 30) eee og Austenitized at 1550°F 
= 20 20 Grain Size: 9-10 


aa LEGEND 
A=Austenite M= Martensite 
F=Ferrite B=Bainite 
C=Carbide P=Pearlite 


DISTANCE FROM QUENCHED END -}ig INCH UNITS 


116 


°C 


800 


700 


a a 
° ° 
ie) fe) 


TEMPERATURE 
° 
ic) 

















2 ie gc a Ds ill! 


fassereeceraanaalil| 
an Se betes 
SES 
eT Ree 
TDL 
aD 
L 


ert it Ly 
PS TIT 
CETTE 


Calculated 
Temperature 











F+C 







800 


ia * 
| | Meo 


soo — Ms0 








400 





I- T DIAGRAM 


9420 


C-0.24 Mn-0.94 
Si-0.47  Ni-0.30 
Cr-0.34 Mo-0.14 


Austenitized at 1650°F 
Grain Size: 7-8 


LEGEND 
A=Austenite M=Martensite 
F=Ferrite B=Bainite 
C=Carbide P=Pearlite 
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9440 


C-0.38 Mn-1.08 
Si-0.70 Ni -0.34 
Cr-0.40 Mo-0.11 

Zr-0.030 
Austenitized at 1575°F 


Grain Size: 10-11 
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NITRALLOY 


(Type 135 Mod.) 


C-0.41  Mn-0.57 
Cr-1.57 Mo-0.36 
Al-1.26 


Austenitized at 1700°F 
Grain Size: 7-8 


LEGEND 


A=Austenite M=Martensite 
F=Ferrite B=Bainite 
C=Carbide P=Pearlite 
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Austenited at 1700°F 
Grain Size:5-7 
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Mn-Mo WELD METAL 


C-0.10  Mn-1.63 
Mo-0.41 


Austenitized for 
20 Seconds at 2000°F 


Grain Size: 5-6 


LEGEND 
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F=Ferrite B=Bainite 
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boron steels 


Principal Elements A.LS.I. No. S.A.E. No. Page No. 

(Plain carbon Steel) 10B60 10B60 122 
Mn 13B21 123 

Mn Carburized 13B21 (0.4% c) 124 

Mn Carburized 13B21 (0.8% c) 125 
Ni-Cr-Mo 43B17 43B17 126 
Ni-Mo 46B15 46B15 127 
Ni-Cr-Mo 86B20 86B20 128 


Austenite transformation in several grades of steel containing a minute 
percentage of boron (nominally 0.001 to 0.003 percent) is illustrated in 
this section. On each chart, a subsidiary curve for the same nominal 
composition without boron permits convenient comparison to reveal the 
effect of boron. 

All but the first of these steels are low-carbon carburizing steels of the 
type in which boron exerts its greatest effect in retarding transformation. 
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C-0.63 Mn-0.87 
B-0.0018 


Austenitized at 1500°F 
Grain Size: 5-6 
LEGEND 
A=Austenite M= Martensite 
F=Ferrite B=Bainite 
C=Carbide P=Pearlite 
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B-None 
Austenitized at 1500°F 
Grain Size: 5-6 


oe % MARTENSITE 


eS 
et zn PPP 


oobi FROM pees poe INCH UNITS 


1 22 Subsidiary diagram appears as a separate and complete chart on page 40 . 
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13B21 


C-0.21 Mn-2.04 
B-0.0015 
Austenitized at 1700°F 
* Grain Size: 7-8 (3's) 
LEGEND 
A=Austenite M=Martensite 


F=Ferrite B=Bainite 
C=Carbide P=Pearlite 


1321 
C-0.20 Mn-1.88 
B-None 
Austenitized at 1700°F 
Grain Size: 7-8 


shut 40. 
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Subsidiary diagram appears as a separate and complete chart on page 44. 
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Carburized 13B21(0.4C) 
C-0.4 Mn-2.04 
B-0.0015 
Austenitized at 1700°F 


Grain Size: 


50% 2-4, 50% 6-7 
LEGEND 
A=Austenite M=Martensite 
F=Ferrite B=Bainite 
_ €=Carbide P=Pearlite 
CARBURIZED 1321 (0.4 C} 
C-0.4 Mn-1.88 


B-None 
Austenitized at 1700°F 
Grain Size: 
75% 7-8, 25% 3-5 





DISTANCE FROM QUENCHED END -\e INCH Urs 


Subsidiary diagram appears as a separate and complete chart on page 47. 
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C-0.8 Mn-2,.04 
B-0.0015 
Austenitized at 1700°F 
Grain Size: 5-7 
LEGEND 


A=Austenite M=Martensite 
F=Ferrite B=Bainite 
C=Carbide P=Pearlite 


CARBURIZED 1321 (0.8 C) 
C-0.8 Mn-1,88 
B-None 


Austenitized at 1700°F 
Grain Size: 5-8 


E-Q nr 
a Inch Diam, cae 


8 16 
DISTANCE FROM QUENCHED pete Me Mag UNITS 


125 


















Cee 


era amet 


HARDNESS~ RG 


———— 


TA Beers 
Cae eae 









uw = ean 
Ss 500 amine los 
S mane 33 
tu 400 

a 

= 

vy) 

F 300 






al 1-T DIAGRAM 
Estimated e 
Temperature 
LMIN. 


102 10° 
TIME -— SECONDS 











43B17 


C-0.14 Mn-0.81 
Ni -1.81 Cr -0.49 
Mo-0.27 B-0.0030 

Austenitized at 1700°F 
Grain Size: 4-7 
LEGEND 
A=Austenite M=Martensite 

F=Ferrite B=Bainite 
C=Carbide P=Pearlite 
4317 

C -0.17. Mn-0.57 

Ni-1.87 Cr -0.45 

Mo-0.24 B-None 

Austenitized at 1700°F 
Grain Size: 7 
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Subsidiary diagram appears as a separate and complete chart on page 104. 
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46B15 


C-0.16 Mn-0.60 
Ni-1.92 Mo-0.27 
B-0.0017 
Austenitized at 1700°F 
Grain Size: 3-7 
LEGEND 
A=Austenite M=Martensite 


F=Ferrite B=Bainite 
C=Carbide P=Pearlite 


4615 
C -0.15 Mn-0.63 
Ni -1.90 Mo-0.24 


HARDNESS — RG 





B-None 
Austenitized at 1700°F 
DISTANCE FROM QUENCHED END -lig INCH UNITS Grain Size: 8 
Subsidiary diagram appears as a separate and complete chart on page 107. 1 27 
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86B20 


C-0.18 Mn-0.83 
Ni -0.49 Cr-0.49 
Mo-0.19 B-0.0013 

Austenitized at 1700°F 
Grain Size: 6-7 
LEGEND 
A=Austenite M=Martensite 


F=Ferrite B=Bainite 
C=Carbide P=Pearlite 


8620 
€ -0.18 Mn-0.79 
Ni -0.52 Cr -0.56 
Mo-0.19  B-None 
Austenitized at 1650°F 


8 16 24 32 40 he 
‘ DISTANCE FROM QUENCHED END -\ie INCH UNITS Grain Size: 9-10 
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1 28 Subsidiary diagram appears os a separate and complete chart on page 113. 











special comparisons 


Grade Comparison* Page No. 

4140 Effect of austenite grain size 130 
0.5Mo — 0.2C Effect of austenite grain size 131 
1095 + 0.25V Effect of undissolved carbides 132 

52100 Effect of undissolved carbides 133 
0.3Mo — 1.0C Effect of undissolved carbides 134 


* The same steel austenitized in each of two different ways. 


In a particular steel, the time required for austenite transformation is 
influenced by the prior austenitizing treatment. The principal factors are 
the degree of solution of undissolved carbides, which when present reduce 
the carbon and alloy content of the austenite, and the grain size of the 
austenite. In this section each of five grades of steel has been austenitized 
at two markedly different temperatures. In 4140 and the 0.5Mo—0.2C 
steel, this resulted in a large difference in austenite grain size. The lower 
of the two austenitizing temperatures, which developed small austenite 
grains, has been represented on a previous page of the Atlas and appears 
as a subsidiary diagram in this section. The higher austenitizing tempera- 
ture, which resulted in large austenite grains, is shown in black. Thus, the 
two conditions are conveniently compared on a single page. 

The other three steels are high-carbon grades and are compared in the 
same manner, but in these the principal effect of the difference in 
austenitizing treatment was to leave many undissolved carbides at the 
lower austenitizing treatment and to dissolve them completely, or at 
least to such an extent that none were microscopically observed, at the 
higher austenitizing temperature. 
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4140 


C-0.37. Mn-0.77 
Cr-0.98 . Mo-0.21 


Austenitized at 2000°F 
Grain Size: 2-3 
LEGEND 
A=Austenite M=Martensite 

F=Ferrite B=Bainite 
C=Carbide P=Pearlite 
4140 
C-0.37  Mn-0.77 
Cr-0.98 Mo-0.21 
Austenitized at 1550°F 
Grain Size: 7-8 
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1 30 Subsidiary diagram appears as a separate and complete chart on page 102. 
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E-Q HARDENABILITY 


(0.5 Inch Diam, Bar ) 


Austenitized at 2500°F 
Quenched from 1650°F 


ia\h oak 
0 a 


LEGEND 
A=Austenite M=Martensite 
F=Ferrite B=Bainite 
ASR aroness [| C=Carbide P=Pearlite 
: nn 0.5 Mo-0.2 C 
C-0.22) Mn-0.79 
Mo-0.50 
Austenitized at 1650°F 
Grain Size: 8-9 
DISTANCE FROM QUENCHED END -\e INCH UNITS 
Subsidiary diagram appears as a separate and complete chart on page 79. 131 








0.5 Mo-0.2 C 


C-0.22 Mn-0.79 
Mo-0.50 


Austenitized at 2500°F 
Grain Size: 1-2 
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1095+0.25 V 


C-0.87  Mn-0.30 
V-0.27 


Austenitized at 1925°F 
Grain Size: 2-3 


LEGEND 
A=Austenite M=Martensite 
F=Ferrite B=Bainite 


C=Carbide P=Pearlite 


1095+0.25 v 
C-0.87 — Mn-0.30 
V-0.27 
Austenitized at 1500°F 
Grain Size: 11 
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132 Subsidiary diagram appears as a separate and complete chart on page 94 . 





TEMPERATURE 


°C 


800 


700 


400 


300 


200 


100 





° 8 16 24 32 
DISTANCE FROM QUENCHED END -}ig INCH UNITS 


Subsidiary diagram appears as a separate and complete chart on page 65. 1 33 





52100 


C-1.02 Mn-0.36 
Ni-0.20 Cr -1.41 


Austenitized at 1950°F 
Grain Size: 3 
LEGEND 
A=Austenite M=Martensite 


F=Ferrite B=Bainite 
C=Carbide P=Pearlite 


52100 
€-1.02 Mn-0.36 
Ni-0.20 Cr -1.41 


Austenitized at 1550°F 
Grain Size: 9 
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F=Ferrite B=Bainite 
C=Carbide P=Pearlite 
0.3 Mo-1.0 C 
C-0.97  Mn-1.04 
Mo-0.32 
Austenitized at 1550°F 
0 16 24 32 40 Grain Size: 7-8 
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134 Subsidiary diagram appears as a separate and complete chart on page 80 . 
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19Cr0.iC O11 044 0.014 0010 037 0.16 1218 0.02 Boron (Carburized 1321(0.4C)*** 0.4** 1.88 0.018 0.022 0.30 0.03 0.04 0.02 0.04 B-None 
STEELS 125 Carburized 13B21(0.8C) 0.8** 2.04 0.010 0.023 0.25 0.03 0.04 0.02 0.01 B-0.0015 
(Carburized 1321(0.8C)***0.8** 1.88 0.018 0.022 0.30 0.03 0.04 0.02 0.04 B-None 
126 43B17 0.14 0.81 0.005 0.013 0.34 1.81 0.49 0.27 B-0.0030 
- V-0.04 
O-EM1G-0.6C Cir 0.65 0.68 0.012 0.028 0.23 0.02 0.02 0.10 0.02 (4317) *** 0.17 0.57. 0.016 0.023 0.27 1.87 0.45 0.24 B-None 
(0.0Mo-0.6C) 0.64 0.68 0.010 0.023 0.22 0.04 0.01 0.00 0.03 
ane ae ee Goin coek: Gan ee ar ee 127 46B15 0.16 0.60 0.018 0.024 0.27 1.92 0.06 0.27 B-0.0017 
peu oe hee Co ee Gee ee Cee (4615) *** 0.15 0.63 0.019 0.026 0.28 1.90 0.05 0.24 B-None 
Fe eR Rrra eet Roney Bey mes ee 128 86B20 0.18 0.83 0.018 0.030 0.25 0.49 0.49 0.19 B-0.0013 
4068 0.68 0.87 0.024 0.029 0.26 0.01 0.03 0.24 0.03 — Se ee SO RS ee Oe | ee Riree 
0.2Mo-0.4C* 0.42 0.20 0.012 0.18 0.21 
0.5Mo-0.4C 0.40 0.42 0.011 0.007 0.19 0.06 0.13 0.53 0.07 130 4140 0.37 0.77 0.019 0.026 0.15 0.04 0.98 0.21 
0.8Mo-0.4C* 0.36 0.17 0.016 0.16 0.82 131 0.5Mo-0.2C 0.22 0.79 0.016 0.016 0.24 0.03 0.08 0.50 0.02 
2.0Mo-0.3C 0.33 0.41 0.010 0.007 0.20 0.06 0.15 1.96 0.07 s 132 ‘ f ; ; 7 ; ’ y 4 : 
PECIAL 1095+0.25V 0.87 0.30 0.32 0.04 0.05 0.00 0.11 V-0.27 
0.5Mo-0.2C 0.22 0.79 0.016 0.016 0.24 0.03 0.08 0.50 0.08 -ComParisons133 52100 1.02 0.36 0.015 0.020 0.33 0.20 1.41 0.02 0.07 
0.3Mo-1.0C 0.97 1.04 0.020 0.024 0.28 0.07 0. . f 134 0.3Mo-1.0C 0.97 1.04 0.020 0.024 0.28 0.07 0.08 0.32 0.08 
(1) All material, except as otherwise noted, was greatly reduced from ingot form by hot-working. 
0.5Si-0.5C* 0.50 0.23 0.009 0.005 0.53 0.02 0.05 0.00 0.02 (2) Aluminum-killed heat of commercial size unless otherwise noted. 
138i-0.5C* 0.54 0.23 0.010 0.005 1.27 0.02 0.05 0.00 0.02 (3) Chemical analysis of bar, sheet or plate from which specimens were prepared. 
2.3Si-0.5C* 0.53 0.24 0.011 0.005 232 0.03 0.32 0.00 0.03 Baned steel. 
3/8Si-0.5Cx 051 0.25 0.011 0.006 3.80 0.04 0.32 0.00 0.05 **Based upon a measured distance from the surface of a carburized specimen whose carbon gradient was measured; estimated 
9260 062 0.82 0.029 0.030 2.01 0.04 0.07 0.00 0.00 carbon was 0.40%, 0.60% etc., but method of determination precludes accuracy in the second decimal place. 
9261 0.62 0.95 0.025 0.021 2.01 0.03 0.15 0.00 0.06 *** Appears as subsidiary curve on diagram for preceding composition. 
9262 0.62 0.86 0.025 0.021 2.13 0.03 0.33 0.00 0.05 x Small experimental heat. 


xx Commercial heat with no aluminum added. 
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